Recovering energy from waste energy sources is an important issue as environmental pollution and the energy crisis become serious. In the same context, recovering liquefied natural gas (LNG) cold energy from an LNG-powered ship is also important in terms of energy savings. To this end, this study investigated a novel solution for a LNG-powered ship to recover LNG cold energy. Six different organic Rankine cycle (ORC) systems (three for high-pressure dual-fuel engines and three for medium-pressure dual-fuel engines) were proposed and optimized; nine different working fluids were investigated; annualized costs for installing proposed ORC systems were estimated based on the optimization results. In addition, a sensitivity analysis was performed to identify the effect of uncertainties on the performance of the ORC systems. As a result, the ORC system for the medium-pressure engines with direct expansion, multi-condensation levels, and a high evaporation temperature exhibited the best performance in terms of exergy efficiency, net power output and actual annualized cost. These results demonstrate the possibility of replacing a typical LNG supply system with an ORC system.
Introduction
As environmental pollution and the energy crisis become serious, the use of natural gas comes into the spotlight. Natural gas is mainly composed of methane; it produces lower carbon dioxide, SO x (sulfur oxides), and NO x (nitrogen oxides) than any other fossil fuel [1] [2] [3] . Therefore, natural gas is considered the cleanest fuel among various fossil fuels, such as gasoline, diesel, kerosene, and coal.
As a result, there is growing interest in liquefied natural gas (LNG)-powered ships to suppress vessel emissions. Because the International Maritime Organization (IMO) has established emission control areas (ECAs) and issued strong regulations on emissions from ships, LNG-powered ships equipped with LNG fuel supply systems are attracting attention as a powerful alternative to comply with regulations [4] [5] [6] .
The LNG fuel supply system uses seawater to vaporize LNG because LNG-powered ships use natural gas as their main fuel. However, because natural gas liquefaction processes consume a lot of energy [7, 8] , it is not desirable to waste the cold energy stored in LNG. Consequently, research on the recovery of cold energy stored in LNG is important.
One efficient way to recover energy from waste heat sources is the organic Rankine cycle (ORC). When recovering energy from low-grade heat sources, an ORC system is more efficient than a conventional Rankine cycle [9, 10] ; this is because the ORC system uses an organic working fluid (WF) with a low boiling point [11] . When recovering energy from a cold source, the ORC system is also an efficient option because the organic WF has a low freezing point and a low boiling point.
There are many studies on the recovery of cold energy from LNG using an ORC system. Astolfi et al. studied the ORC system to recover the cold energy at LNG regasification terminals [12] . They investigated 2 cycle configurations and 11 WFs using a simulation and concluded that light hydrofluorocarbons (R32 and R41) were the most suitable WFs. They also studied the dependence between the ORC power output and seawater temperature and found that more power production occurs at high seawater temperatures. Liu and Guo proposed a novel cryogenic power cycle to recover cold energy from LNG [13] . They proposed a mixture of tetrafluoromethane (CF 4 ) and propane (C 3 H 8 ) as the WF and adopted a vapor absorption process to enhance the efficiency of the ORC system. Bao et al. investigated seven cycle configurations to recover cold energy from LNG using propane as the WF [14] . They optimized each cycle using three different objective functions and concluded that the combined cycle (direct expansion + ORC system) systems are the most efficient in recovering cold energy from LNG. Bao et al. also proposed a superstructure for the three-stage ORC system for LNG cold energy recovery [15] . They optimized the three-stage condensation ORC system with 12 different WFs and found that the arrangement of the compression process is not important, whereas that of the expansion process has a significant effect on the cycle performance. Tomków and Cholewiński proposed an ORC system coupled with an absorption cycle using a mixture of ethane and krypton as the WF [16] . They concluded that the proposed cycle had the best performance compared to a simple ORC system and a Brayton cycle. Lee studied a cascade Rankine cycle and concluded that the cascade cycle, which uses ethane and propane as the WF, was the optimal cascade cycle for cold energy recovery from LNG [17] . Le et al. also studied an ORC system and found that pressure and thermal energy recovery through a combination of direct expansion and an ORC system using propane as the WF gives the best performance [18] .
However, there have been few studies on an ORC system for an LNG-powered ship. As mentioned before, the purpose of the LNG-powered ship is to reduce pollutant emissions, but disposal of LNG cold energy is against this purpose. Major ship engine manufacturers provide their own LNG fuel supply systems [19, 20] , which need to be improved in a more efficient way in terms of energy savings.
Therefore, it is important to investigate the possibility of replacing a typical LNG fuel supply system with an ORC system. The main challenges of this problem are:
i.
ORC systems should be applicable to both high-pressure and medium-pressure dual-fuel engines. ii.
A configuration of an ORC system should be simple because the available space is small. iii.
ORC systems should be more economical than a typical LNG fuel supply system. To this end, ORC systems should have high exergy efficiency and net power output.
To address these challenges, in this study, a novel solution to recover LNG cold energy for an LNG-powered ship was investigated. To accomplish this, six different ORC systems are proposed (three for high-pressure dual-fuel engines and three for medium-pressure dual-fuel engines), and the simulation model for each ORC system is developed using a commercial simulation tool. Second, nine WFs are selected based on previous studies, and the proposed ORC systems are optimized based on an exergy analysis using a particle swarm optimization (PSO) algorithm. Third, the equipment costs are estimated to compare the installation costs of an LNG fuel supply system and an ORC system. Finally, a sensitivity analysis is performed to identify the effect of uncertainties on the performance of the ORC system.
The rest of this paper is organized as follows. Details on simulation, optimization and economic models are given in Section 2, results and discussion are summarized in Section 3, and finally conclusions are provided in Section 4. 
Methods

System Description
LNG-powered ships use dual-fuel engines that can operate on both marine diesel oil (MDO) and natural gas. Dual-fuel engines typically use natural gas as a primary fuel and MDO as a backup fuel [21] . Dual-fuel engines can be classified as high-pressure (~300 bar) engine systems and medium-pressure (~17 bar) engine systems, and both use an LNG fuel supply unit to supply natural gas to the engine system. A schematic of a typical fuel supply unit of an LNG-powered ship is shown in Figure 1 . Figure 1a shows a typical LNG fuel supply unit and Figure 1b shows the LNG fuel supply unit proposed in this study, which is integrated with an ORC system and does not use seawater for the vaporizer. In the fuel supply unit, as shown in Figure 1 , there are no significant differences between the medium-pressure engine system and the high-pressure engine system, except for the difference in engine pressure.
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System Description
LNG-powered ships use dual-fuel engines that can operate on both marine diesel oil (MDO) and natural gas. Dual-fuel engines typically use natural gas as a primary fuel and MDO as a backup fuel [21] . Dual-fuel engines can be classified as high-pressure (~300 bar) engine systems and mediumpressure (~17 bar) engine systems, and both use an LNG fuel supply unit to supply natural gas to the engine system. A schematic of a typical fuel supply unit of an LNG-powered ship is shown in Figure  1 . Figure 1a shows a typical LNG fuel supply unit and Figure 1b shows the LNG fuel supply unit proposed in this study, which is integrated with an ORC system and does not use seawater for the vaporizer. In the fuel supply unit, as shown in Figure 1 , there are no significant differences between the medium-pressure engine system and the high-pressure engine system, except for the difference in engine pressure. In this study, six ORC systems are defined to explore the possibility of replacing the LNG fuel supply unit for a high-pressure dual-fuel engine system and a medium-pressure dual-fuel engine system. A schematic of each ORC system is shown in Figure 2 . Figure 2a is a simple ORC system, which we call Type (A), consisting of a WF pump, a WF evaporator, a WF expander, a WF condenser, an LNG pump, and a natural gas (NG) heater. In this system, LNG is pressurized up to 300 bar by the LNG pump, evaporated in the WF condenser, heated by the NG heater, and then fed to the highpressure dual-fuel engine system. In the WF cycle, WF is at a saturated liquid state (stream 8), pressurized by the WF pump, vaporized and super-heated by the WF evaporator, depressurized by the WF expander, and then cooled by the WF condenser. Figure 2b is an ORC system with a closedfeed organic-fluid heater (CFOH). This system is more efficient than a simple ORC system because it can effectively reduce exergy losses [22] . In this system, the saturated liquid stream 8 is pressurized by the WF pump and then heated by stream 11, which is extracted from the WF in the closed heater. Stream 12 is at a saturated liquid state, pressurized by WF pump 2, and then mixed with stream 10 in the mixer. The mixed stream 5 is vaporized by the WF evaporator. Figure 2c is also an ORC system with a CFOH. However, in this case the heat source of the WF evaporator is the engine jacket water instead of seawater. As mentioned previously, using the engine jacket water instead of seawater can increase cycle efficiency, owing to higher evaporation temperatures. In this study, six ORC systems are defined to explore the possibility of replacing the LNG fuel supply unit for a high-pressure dual-fuel engine system and a medium-pressure dual-fuel engine system. A schematic of each ORC system is shown in Figure 2 . Figure 2a is a simple ORC system, which we call Type (A), consisting of a WF pump, a WF evaporator, a WF expander, a WF condenser, an LNG pump, and a natural gas (NG) heater. In this system, LNG is pressurized up to 300 bar by the LNG pump, evaporated in the WF condenser, heated by the NG heater, and then fed to the high-pressure dual-fuel engine system. In the WF cycle, WF is at a saturated liquid state (stream 8), pressurized by the WF pump, vaporized and super-heated by the WF evaporator, depressurized by the WF expander, and then cooled by the WF condenser. Figure 2b is an ORC system with a closed-feed organic-fluid heater (CFOH). This system is more efficient than a simple ORC system because it can effectively reduce exergy losses [22] . In this system, the saturated liquid stream 8 is pressurized by the WF pump and then heated by stream 11, which is extracted from the WF in the closed heater. Stream 12 is at a saturated liquid state, pressurized by WF pump 2, and then mixed with stream 10 in the mixer. The mixed stream 5 is vaporized by the WF evaporator. Figure 2c is also an ORC system with a CFOH. However, in this case the heat source of the WF evaporator is the engine jacket water instead of seawater. As mentioned previously, using the engine jacket water instead of seawater can increase cycle efficiency, owing to higher evaporation temperatures. Figure 2d is a simple ORC system with an LNG expander for the medium-pressure engine system. The natural gas pressure at the engine inlet (stream 6) is approximately 17 bar, which is much lower than that of shown in Figure 2a (~300 bar). Consequently, an expander is added to utilize the advantages of pressurized LNG. Figure 2e is an ORC system with an LNG expander and a CFOH, and Figure 2f is an ORC system, the same as Figure 2e except using engine jacket water as the heat source of the WF evaporator and the LNG vaporizer. Figure 2d is a simple ORC system with an LNG expander for the medium-pressure engine system. The natural gas pressure at the engine inlet (stream 6) is approximately 17 bar, which is much lower than that of shown in Figure 2a (~300 bar). Consequently, an expander is added to utilize the advantages of pressurized LNG. Figure 2e is an ORC system with an LNG expander and a CFOH, and Figure 2f is an ORC system, the same as Figure 2e except using engine jacket water as the heat source of the WF evaporator and the LNG vaporizer.
Simulation Model
All ORC systems described in Section 2.1 were simulated using the commercial simulation software ASPEN V10.0. A target power output of 12,000 kW of the dual-fuel engine is assumed.
All parameter and decision variables were identified through a degree-of-freedom analysis. Table 1 summarizes all the decision variables for optimization and Table 2 lists all parameters and assumptions used in this study. 
All parameter and decision variables were identified through a degree-of-freedom analysis. Table 1  summarizes all the decision variables for optimization and Table 2 lists all parameters and assumptions used in this study. Table 2 . Configuration parameters and assumptions for simulation.
Parameters Values
Expander isentropic efficiency [14, 15] 0.8 Pump isentropic efficiency [14, 15] 0. The selection of the WF is very important because it is a major factor in the ORC system. In this study, nine WFs were selected based on previous studies [10, 13, 14, 16, 26, 27] . Table A1 . lists all WFs investigated in this study.
Optimization Framework
To formulate the objective function for optimization, the exergy potential was used. The exergy potential (Ex) can be calculated as follows:
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The total exergy provided to the ORC system by LNG streams can be calculated as follows:
where Ex LNG is the exergy of the LNG feed stream from the LNG storage tank and Ex NG is the exergy of the NG stream fed to the engine. The net power produced by the system and the process exergy efficiency can be formulated as follows:
Finally, the optimization problem can be defined as follows:
subject to v f at the outlet o f expanders = 1 (6) v f at the inlet o f pumps = 0 (7) MITA of all heat exchangers ≥ 2 K
Minimum internal temperature approach (MITA) of all heat exchangers ≥ 2 K, (8) Temp. at the outlet of the WF evaporator
Temp. at the outlet of the WF evaporator ≤ 351 K for Types (c), (f)
Equations (6)-(10) are the process constraints for reliable optimization results. Equations (6) and (7) protect the expanders or pumps from damage that may be caused by liquid droplets or vapors [25] . Equations (8)-(10) ensure a practical heat exchanger area. The right-hand side of Equation (9) is 296 K because Type (a), (b), (d), and (e) systems use seawater as the heat source for the WF evaporator. The right-hand side of Equation (10) is 351 K because Type (c) and (f) systems use engine jacket water as the heat source for the WF evaporator.
The formulated optimization problem is a non-linear problem owing to the non-linearity between the decision variables and the net power produced (W net ) by the system. To solve the optimization problem, the simulation model was connected to MATLAB using a component object model (COM) interface [28] (pp. 523-544), and the solution was found using the PSO algorithm [29] [30] [31] [32] [33] [34] in MATLAB. The setting parameters of the PSO algorithm are listed in Table A2 . All simulations and optimization are performed on a computer with Intel quad-core processors (4.2 GHz) and 16 GB RAM.
Cost Estimation
Because actual systems can be realized when they are economically feasible, cost estimation can provide valuable insights into the proposed ORC system [14, 35] . In this study, to verify the advantages of installing the proposed ORC system, the actual annualized costs of ORC systems were estimated based on previous research data [25] . 
where CEPCI 1998 = 436 and CEPCI 2017 = 672, respectively.
CEPCI 2017 CEPCI 1998 is used to adjust the cost to US dollars in 2017 because the equipment costs in previous research were based on data in 1998. For the sake of convenience, PC LNGpump was assumed to be the same as PC pump , and PC vaporizer was assumed to be the same as PC condenser .
In addition, the following additional costs were also considered [36] :
i ∈ condenser, heater, turbine, pump, cooling water pump, cooling water tower Engineering and Supervision cost : 0.12 * Fixed capital cost
Maintenance cost : 0.06 * Fixed capital cost,
The simplified annualized cost (SAC) can be estimated by the following Equation:
SAC = Fixed capital cost + Engineering and Supervision cost + Maintenance cost Li f e time o f equipment .
The ORC systems can reduce the electricity generation costs of ships by reducing the consumption of other fuels such as marine diesel oil and heavy fuel oil for generators. Therefore, possible cost savings can be estimated as follows:
Cost savings = produced electricity (kW) * operation hours hr year * electricity generation cost US dollars kWh .
Finally, the actual annualized cost (AAC) can be estimated as follows:
Results and Discussion
Optimization Results
The convergence curve for the Type (f) system (see Figure 2f ) when the WF is propane is shown in Figure 3 and the optimized objective function values and the net power output of each cycle are summarized in Figure 4 . Details on the best decision variables for each type are given in Table 3 .
The best exergy efficiency of 40.7% and the highest power output of 116.8 kW were found in Type (f) when the WF is propane. Regardless of ORC types, propane always exhibits the highest exergy efficiency and the highest net power output over other WFs. In Type (e) and Type (f), ethane exhibits almost the same WF performance as propane. However, because of its lower boiling point, the storage of ethane is more problematic than propane.
The convergence curve for the Type (f) system (see Figure 2f) when the WF is propane is shown in Figure 3 The best exergy efficiency of 40.7% and the highest power output of 116.8 kW were found in Type (f) when the WF is propane. Regardless of ORC types, propane always exhibits the highest exergy efficiency and the highest net power output over other WFs. In Type (e) and Type (f), ethane exhibits almost the same WF performance as propane. However, because of its lower boiling point, the storage of ethane is more problematic than propane.
As shown in Figure 4 , the ORC systems for medium-pressure dual-fuel engines (Types (d), (e), As shown in Figure 4 , the ORC systems for medium-pressure dual-fuel engines (Types (d), (e), and (f)) tend to show better performance. This is because the medium-pressure engines, which operate at approximately 17 bar, can utilize the direct expansion of the pressurized LNG stream. In contrast, the ORC systems for high-pressure dual-fuel engines (Types (a), (b), and (c)) have no opportunity to exploit the direct expansion of the pressurized LNG stream because of the high engine operating pressure (approximately 300 bar).
Regarding the exergy efficiency, Type (c) (a high-pressure engine) and Type (f) (a medium-pressure engine) show the highest exergy efficiency, at 37.2% and 40.7%, respectively, and both cases use engine jacket water as the heat source of the WF evaporator. As shown in Figure 5 , a high evaporation temperature leads to a large area on a temperature-entropy diagram, which means high exergy efficiency. Consequently, Type (c) and Type (f) perform better than other Types because they have a higher evaporation temperature (353 K, the temperature of engine jacket water, compared to 298 K, the temperature of seawater). 9 the storage of ethane is more problematic than propane.
As shown in Figure 4 , the ORC systems for medium-pressure dual-fuel engines (Types (d), (e), and (f)) tend to show better performance. This is because the medium-pressure engines, which operate at approximately 17 bar, can utilize the direct expansion of the pressurized LNG stream. In contrast, the ORC systems for high-pressure dual-fuel engines (Types (a), (b), and (c) ) have no opportunity to exploit the direct expansion of the pressurized LNG stream because of the high engine operating pressure (approximately 300 bar).
Regarding the exergy efficiency, Type (c) (a high-pressure engine) and Type (f) (a mediumpressure engine) show the highest exergy efficiency, at 37.2% and 40.7%, respectively, and both cases use engine jacket water as the heat source of the WF evaporator. As shown in Figure 5 , a high evaporation temperature leads to a large area on a temperature-entropy diagram, which means high exergy efficiency. Consequently, Type (c) and Type (f) perform better than other Types because they have a higher evaporation temperature (353 K, the temperature of engine jacket water, compared to 298 K, the temperature of seawater). Regarding the net power output, medium-pressure engine ORC systems produce more electricity than high-pressure engine ORC systems. The medium-pressure engine ORC systems have additional exergy because they can utilize the exergy of the pressurized LNG stream owing to the intermediate engine operating pressure. Consequently, more electricity can be generated for medium-pressure engine ORC systems because of more available exergy even if it has lower exergy efficiency than high-pressure engine ORC systems. As shown in Figure 6 , the amount of exergy supplied to high-pressure engine ORC systems is 287.1 kW, which is much higher than the amount of exergy (119.5 kW) supplied to medium-pressure engine ORC systems. Consequently, the amounts of electricity produced by Type (d), (e) and (f) (82.4 kW, 90.2 kW, and 116.8 kW, respectively) are also much higher than those produced by Type (a), (b) and (c) (24.1 kW, 28.7 kW, and 44.4 kW, respectively), even with low exergy efficiency.
In addition, ORC systems with multi-condensation levels (Type (b) and Type (e)) show better performance than ORC systems with a single-condensation level (Type (a) and Type (d)), at the same heat source temperature. As shown in Figure 7 , the reversible work of Type (d) and Type (e) is almost the same (Figure 7a,b) . However, ORC Type (e) has additional reversible work (Figure 7c ) owing to separated condensation levels. As a result, Type (e) can produce more electricity (90.2 kW) than Type (d) (82.4 kW), but the difference is not significant due to the small additional reversible work (please see Figure 7c ). electricity produced by Type (d), (e) and (f) (82.4 kW, 90.2 kW, and 116.8 kW, respectively) are als ch higher than those produced by Type (a), (b) and (c) (24.1 kW, 28.7 kW, and 44.4 kW  pectively) , even with low exergy efficiency. In addition, ORC systems with multi-condensation levels (Type (b) and Type (e)) show bette rformance than ORC systems with a single-condensation level (Type (a) and Type (d)), at the sam at source temperature. As shown in Figure 7 , the reversible work of Type (d) and Type (e) is almos same (Figure 7a,b) . However, ORC Type (e) has additional reversible work (Figure 7c ) owing t arated condensation levels. As a result, Type (e) can produce more electricity (90.2 kW) than Typ (82.4 kW), but the difference is not significant due to the small additional reversible work (pleas Figure 7c) . (d) (82.4 kW), but the difference is not significant due to the small additional reversible work (please see Figure 7c ). 
Cost Estimation Results
For the comparison purpose, the cost of installing LNG fuel supply systems which consist of an LNG pump, an LNG vaporizer, a cooling water pump, and a cooling water tower (please refer to Figure 1a) are also estimated. The required data for the cost estimation was obtained by the simulation and are summarized in Table A3 .
The estimation results of SAC and AAC based on the optimization results are summarized in Table 4 . As shown in Table 4 , in terms of SAC, the ORC systems are more expensive than LNG fuel 
For the comparison purpose, the cost of installing LNG fuel supply systems which consist of an LNG pump, an LNG vaporizer, a cooling water pump, and a cooling water tower (please refer to Figure 1a ) are also estimated. The required data for the cost estimation was obtained by the simulation and are summarized in Table A3 . The estimation results of SAC and AAC based on the optimization results are summarized in Table 4 . As shown in Table 4 , in terms of SAC, the ORC systems are more expensive than LNG fuel supply systems due to their complexity. In addition, the SAC of ORC systems also tends to increase from Type (a) to Type (f) as complexity increases. However, in terms of AAC, ORC type (f) seems to be the most profitable systems among the proposed system. Generally, the ORC systems for medium-pressure dual-fuel engines seem to be more profitable than LNG fuel supply systems except for ORC type (e). It is noteworthy that ORC Type (b) and (e) are less profitable than ORC Type (a) and (d) due to their complexity. Therefore, in the case of using seawater as the heat source of the WF evaporator, a simple ORC system is better than a complex ORC system in terms of profit.
Sensitivity Analysis
To identify the effect of uncertainties on changes in jacket water temperatures and electricity generation costs, a sensitivity analysis was performed. The ORC Type (f) system, with propane as the WF, was used for the sensitivity analysis.
Changes in Evaporation Temperatures
To verify the effect of changes in evaporation temperatures on the performance of the ORC system, a sensitivity analysis was performed, the results of which are summarized in Figure 9 . As shown in Figure 8 , the exergy efficiency and the net power output increase as the evaporation temperature increases. When the evaporation temperature is 345 K, the net power output and the exergy efficiency are 114.6 kW and 39.9%, respectively, and when the evaporation temperature is 353 K, the net power output and the exergy efficiency are 119.1 kW and 41.5%, respectively. The net power output increases about 1%, and the exergy efficiency increases about 0.4% as the evaporation temperature increases by 2 K. Thus, in the viewpoint of performance, Type (c) and (f), which use engine jacket water instead of seawater, are much better than other cases because of higher engine jacket water temperatures than seawater temperatures. In addition, in terms of robustness, type (c) and (f) are much better than other cases because the temperature of engine jacket water remains constant under normal operating conditions while the temperature of seawater can change. 12 temperature increases by 2 K. Thus, in the viewpoint of performance, Type (c) and (f), which use engine jacket water instead of seawater, are much better than other cases because of higher engine jacket water temperatures than seawater temperatures. In addition, in terms of robustness, type (c) and (f) are much better than other cases because the temperature of engine jacket water remains constant under normal operating conditions while the temperature of seawater can change. 
Changes in Electricity Generation Costs
Electricity generation costs can vary depending on fuel types, fuel prices, size of generators and etc. To verify the effect of changes in electricity generation costs on AAC of ORC Type (f), a sensitivity analysis was performed, the results of which are summarized in Figure 9 . As shown in Figure 9 , the highest AAC is 72,943 US dollars/year when the electricity generation cost is 0.08 USD/kWh and the lowest AAC is 4,732 US dollars/year when the electricity generation cost is 0.16 USD/kWh. If the electricity generation cost is higher than about 0.117 USD/kWh, installing ORC Type (f) is more advantageous than the LNG fuel supply system for the medium-pressure dual-fuel engine. 
Discussion
Important findings of other studies on LNG cold energy recovery are summarized in Table 5 . As shown in Table 5 , propane seems to be most appropriate working fluid for recovering LNG cold energy for an LNG-powered ship. Astolfi et al. claimed R41 is the most efficient working fluid in an LNG regasification terminal, but in this study R41 shows lower performance than propane. The mixture of tetrafluoromethane (CF4) and propane (C3H8) exhibits relatively good performance at low evaporation temperatures in the study of Liu and Guo [13] , but this working fluid seems to be inappropriate for an LNG-powered ship because the required ORC system is very complex due to triple condensation levels. Some studies have shown remarkable results with propane as the working fluid for recovering LNG cold energy. However, Bao et al. used the ORC system with triple condensation levels [14] , and Le et al. used two dual ORC systems in series [18] .
As discussed in the introduction, processes that require large areas are not attractive for offshore applications. Therefore, the findings of this study are significant in that a typical LNG fuel supply 
Important findings of other studies on LNG cold energy recovery are summarized in Table 5 . As shown in Table 5 , propane seems to be most appropriate working fluid for recovering LNG cold energy for an LNG-powered ship. Astolfi et al. claimed R41 is the most efficient working fluid in an LNG regasification terminal, but in this study R41 shows lower performance than propane. The mixture of tetrafluoromethane (CF 4 ) and propane (C 3 H 8 ) exhibits relatively good performance at low evaporation temperatures in the study of Liu and Guo [13] , but this working fluid seems to be inappropriate for an LNG-powered ship because the required ORC system is very complex due to triple condensation levels. Some studies have shown remarkable results with propane as the working fluid for recovering LNG As discussed in the introduction, processes that require large areas are not attractive for offshore applications. Therefore, the findings of this study are significant in that a typical LNG fuel supply system can be replaced by a relatively simple ORC system with economic advantages and high exergy efficiencies (especially ORC Type (f)). In addition, as Type (f) uses engine jacket water instead of using seawater, this can address disturbances caused by seawater temperature changes.
Finally, according to the results of this study, medium-pressure dual-fuel engines are more attractive for recovering LNG cold energy than high-pressure dual-fuel engines in terms of exergy efficiencies and AAC.
Conclusions
This paper investigated the possibility of replacing a typical LNG fuel supply system with an ORC system to recover LNG cold energy for an LNG-powered ship. Six different ORC systems were investigated with nine different working fluids, and a simple economic analysis was conducted to verify the economic feasibility of the proposed ORC systems.
As a result, ORC type (f) with propane as the working fluid showed the best exergy efficiency (40.7%), the best net power output (116.8 kW) and the lowest actual annualized cost (38,838 US dollars/year). Unlike ORC systems proposed in previous studies, the ORC type (f) with propane has a relatively simple configuration and high exergy efficiency due to high evaporation temperature. According to the sensitivity analysis, the exergy efficiency and the net power output increase slightly by approximately 1% and 0.4%, respectively, with an increase of 2 K in the evaporation temperature. In addition, if the electricity generation cost is higher than about 0.117 USD/kWh, installing ORC Type (f) is more advantageous than the typical LNG fuel supply system for the medium-pressure dual-fuel engine.
Consequently, the proposed ORC system (especially ORC Type (f)) can successfully replace a typical LNG fuel supply system. In particular, for recovering LNG cold energy, medium-pressure dual-fuel engines are more beneficial than high-pressure dual-fuel engines due to additional reversible work.
The results of this study provide a novel solution for recovering LNG cold energy for an LNG-powered ship. However, the economic estimation model used in this study is simple and based on the onshore application. In addition, there is a potential problem of natural gas losses in the entire LNG supply chain that can accelerate global warming. Therefore, based on the results of this study, the research can be improved by using a techno-economic analysis or a life-cycle cost analysis to obtain more realistic economic estimation results. Table A2 . Setting parameters of the particle swarm optimization (PSO) algorithm.
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